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EFFECTS OF COMPRESSIBILITY ON THE PERFORMANCE OF TWO FULL-SCALE
HELICOPTER ROTORS ‘

By PACL J. CAEtPEXTSR

SUMMARY

. In i)iwtigativn ha~ been conducted on the Langley helicopter
fed tower to determine experimentally the e~ects OJ cotnpresm”-
hilihy on the performance and blade pitching moments of two
.flill-.wab helicopter rotorg. 2 ICO ~et~ of rotor blades were
te.+d [rhich di~ered onlg in that tk bladeg of one set incor-
pivded —L?” of linear tu<%t,whereas the biadea ofthe other set
twrt. untwisted. Zie tests corered a range of t[p .spfeds from
JP50 to 770 ,feet per ee.cond and a range of pitch angdes from O“
tII the !im it imposed by extreme cibration.

The rtsu!ts AVW that the primay eJect of comprestibi[ity
II.(?*a rapid .increaee in the projle-drag torque eoejicie nt once
the critical combinatwn ~f tip ~peed and tip angle of attack wa~
t ,wFM. The retih also show that the effects of cornpressi-
hility on the performance of a helicopter rotor blade can be
t.uicu[ated by using twodimentinal section data and that
tqafiue blade twist (wasiwut) ia efectice in delaying the on$et
~!~”co Inprestibi[ity [og~esand in redu~.ngthese[Ossesonce theg

(tr~ Jfre[oped.
INTRODUCTION

Tllt~ @ificunce of the effect. of compressibility on the
]jt’rfornlanw find Made pitching moments of a helicopter
rotor has been emphasized by desi=a stuck of Klgh-spw(l
tldimptme., helicopters with high disk loadings, and con-
vt’rtibh+ aircraft, all of which require higher tip speeds thtin
itw now in general use. AIthough some information is
u vailable on the decrease in performance of airpIane pro-
p(dkrs due to compressibdit~- losses, when the resultant tip
speeds approach the -relocitj- of sound, the information is
Imt altogether applicable in that rtirfoils suitable for pro-
pellers are not usually employed in helicopter rotor Mudes.
( ‘onscquently, wry Iit tle experimental data are a-milahle on
t11Pctmracteristics of a pract ical+ortetruction full-scale heli-
w}ptet- rotor operati~ in the region in which compressibility
et~wts occur. Compressibility losses are expected to occur
both in hovering and forward flight and may lead to rotor
vibration and loss of control in addition to the expecte(l
dw’resse in performance. A knowledge of the compressibility
losses in hovering would therefore provide a limited basis for
prwiiction of tlw compresaibiIit3- losses to be expected in
forward tlight.

It is necessary to determine whether the onset of L’OmprLS

ibility losses signifwantly reduws rotor Mikiency before the
operating limitation due to -iibration or loss of contrci is
renched. It is ako of interest to clwk for the hovering
condition the onset of Made stalling losses, as was done for
the forward-flight mxlition report ~1 in reference 1. In

order to diierent iate the blade stall losses from the com-
pressibiIitj_ effects, the stall losses should be (Determined at
low tip speeds.

Accordingly, an initial investigation to obtain compressi-
bility- and stall data has been conducted on the Langley
Micopter test tower. Twisted and untwisted rotor blades
rere tested for a tip-epwd range from 350 to 770 feet per
second.

SYMBOLS

bIadc racIius, feet
number of Mades
blade section chord, feet
radial dist ante to bkde eIement, feet

[

“R

f
crzdr

o
equimdent bk[e chord, feet :~

r
rzdr

.0
ratio of Mwle-ehvuent radius to rotor.

(r/R)
rotor solidity (be,/~R)

Ikle radius

soIidity of a. bhule eknent at radiid disttince r
(bc/rR}

density of air, slugs per cubic foot
rotor thrust, pounds
rotor-shaft. torque, pound-feet
mwmred rotor-blade pitching moment, positive for

moment tending to increase bkde pitch, pound-
feet

blade pitching moment about bkde aerodynamic
center (measured Mb minus product of centrifugal-
force component perpendicular to blade span axis
and rearward displacement of chordwise center of
gratity of bIade from aerodynamic center, as-
sumed to he 0.24c for NACA 23015 airfoil sec-
tion), pound-feet

t SuIMrsedesNAC A TN=, “Effeecsof CompredbIllty on thePertbrmsrmof Two FuILSS HeUcopterRata%” by PaulJ. Carpenter,195L
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rotor angular velocity, radians pcr second
rotor-thrust cxlcfficient (T/rRzp(W?)2)
tot aI rotor-shaft torque coefficient (Q/Tl?2P(M)’R)
rotor-shaft. profile-drag torc~ue coefficient
rotor-ldadc pitching-moment. cocfflcieut abollt tJero-

(/
dynwnic center ilf,m

)
; P(W?)2C,R

slope of curve of section Iift cwffic.icnt against eec-
tion R.J@I of attack (radian rwasure), assumed to
be 5.73

blade-section pitch angle mcmsured from line of zero
lift, radians

inflow angle of Made cIement, radians

APPARATUS AND TEST kIETHODS

The investigation was conducted on the I.angley hcIicop-
[m test tower described in reference 2. Two sets of three-
bludc rotors were teated which diffwwd only in that W!

blades of one set incorporated –8° (washout) of linear
twist, whereas the bktdes of the other set wwc untwisted.
TlltI. blades were plywood-covcrcd and hacl a radius of 20
fwt, u solidity of 0.038, an NACA 23015 airfoil section
throughouL with 0.10 reff cx at the trailing rdgc, and a chord-
wise cfmter of gravity approximately 0.2 inch behind the.
low-speed awodynamic cent cr. These blades were. chosen
bw.ausc of their availability and because compressibility
IOSSWcould be studied at. lower tip speeds from them than
from blades having thinner nirfoil sections. In addition,
the blades allowed a comparison with forward-flight data
inasmuch m these are the same blades that wero discussed
in rr.fcrence 1. The blades differed sorncwhat from the
true airfoil section as regards leading-edge shape and thick-
mxs, although all ffaL areas and depressions were faired
smooth with filler. The refinished Madcs arc considered
r(~presentat.ivc of smooth and well-built construction. A
plnn-form view of one of the blades tested is shown in
figl]r~! 1.

;Ul data were obtained for the hovwing condition (wind
wlwity less than 3 mph) for a range of tip speeds from 35o
10770 feet per second (rotor speed of 167 to 368 rpm) and for
m range of pitch unglcs from 0° to the limit imposed by ex-
t remc vibration. The t.cst conditions were chosen to WCCCCCI
thu point of onset of the compressibility losses in order to
establish tlhoir rate of incre.asc once the combination of angIe
of attack and tip spm.d excccded that value at which drag
divcrgerfcc occurs.

hfETHOD OF ANALYSIS

In order to compare the data with the available rotor
p[~rformance theory which intentionally makes no corrcc-
t ion for compressibility effects or stalling 10SSCS,the part
of tho power aflectecl by these Iosscs had to be isolated. A
study of tho problem indicat- that the profile-drag power
and hencx the profile-drng torque coefficient C& would be

chiefly affected. A convenient method of making the com-
parison with theory is to refer the measured profile-drag
torque coefficient to that predicted by the t.hcory and to

plot the resulting profilc&ag torque ratios (cQ”) iacu.rcd

(~J thcorctk,l

as a function of the calculat.cd blade-tip angle of attack for
the range of tip speeds invest.igatcd. The data were plotted
against calculated tip angle of attack inasmuch as [.1)0 tip
section ax@e of attack and tip speed arc an index of the
compressibility losses.

The measured rotor profile-clrag torque cocfflcie.nts were
determined by subtracting a caIculnted induced torque
coefficient (as determined by the method of rcfemncc 3)
from the measured torque coefficient.. I’nwrnuch as rcfcrcncc
3 does not allow for any tip leas in calculating induced torquo
coefficient, for this investigation the radins of the blaclc wa9
decreased by half the tip chord for thrust calculations.
The decrease in bIadc radius amounts to npproxinmtuly a
3-percent reduction in rotor-thrust codficicnt at a givcu
blado angle, The thoorctieal profile-drag torque codficicnts
were determined from the minimum measured torque
coefficient which was increawd as rLfunction of rotor-tlmlst
eocfficicnt as given in reference 3. me rotor-blade-tip
angks of attack were determined by subtracting a calcuMwl
inflow angle + from the measured collective pitch o and the
known twist. The values of o were corrected for twist due
to aerodynamic and mass forces and represent the true
pitch at the 0.75-radius station. TIJC inflow anglm were cd-

culatcrl. from tho following relationship given in refmrnrc 3:

-(du=a 32x8
‘=16x

1+=–1
)

The mcrwrcd blado pitching moment consists of the
aerod~amic moment and the IIMSSmomcnte duc to chor(l-
wise center-of-gravi ty position relative to the ncrodynamic
center and chordwise mass distribution, Since the amo-
dynamic moments about the aerodynamic center (ussumcd
ta be 0.24 chord) are the ones cousidcrcd significwlt, oJdy
these values are presented. hcrpin. For purposes of t]lis .
study, the presence or tJIe absence of abrupt changes of
pitching-moment sIopcs ia considered more important (ban
the actual values. These values were obtained to a sufficimt.
degree of accuracy for prwxmt purposes by subtracting from
the measured moment a mass momen~ cqwd to tho product
of the Made centrifugal-force component pcrpend icular to
the Made span a..xis and the rearward displacement of the
bIade chordwisc center of gravity from the aerodynamic
center. ,

FIGUREI.–PIan-form dew of a ted rotor Made,
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RESULTS AND DISCUSSION

~i~u= z and s sho~v the basic hovering perfornmmce of the

untwisted and the —8° Iinear t wist rotor bIEdes, respectively,
for t.ho range of tip speeds from 350 to 770 feet per second.
It is interesting to note that 8° of washout decreased the
powur required at operating thrust coefficients by shut 3
pmcent of normal tip speeds (350 to 420 fps) as has been
predicted by the theory of reference 3. At higher tip speeds,

twist is effective in delqing the onset of compressibility
losses. In general, the rotor with twisted blades can oper-
ate at tibout 0.0005 greater thrust coefficient for a given tip
speed before encountering compressibility 10WS. This
increase in CT corresponds to a tip speed that is about 70
feet per second fmter than the tip speed for the untwisted
sut before the drag rise occurs for operation at fixed thrust
coefficient. When opwating in the region of compwsibility
Iosses, the twisted rotor blades required less power for the
sume thrust coefficient. For example, for an extreme
operating condition ((7T=0.004 and a tip speed of 770 fps)
the twisted blades required approximately 85 percent of the
total power required by the untwisted blades.

Tbe dividing line between stabg losses and compressi-
bility Iosses is not clearly defined by the data and it is
possible that some combinations of tip angle of attack and
tip speed incur both stalhng and compressibihty losses.
In genera~, however, stallirg losses are preriomimnt in the

low-tip~pwd range at high angIes of attack and compressi-
bility Iosses are predominant a~ the higher tip speeds and
Iower angIes of attack. For purposes of cht.rity, the staII
and compressibilky losses vrilI be discussed. separately.

Stall losses.—l7gures 4 and 5 present the ratios of
(CaJ_ti tO (CQ~tkfkl (for the untwisted and twisted” “

blades, respectively) plotted against ca~culmted tip angie
of attack for the range of tip speeds measured. The
results indicate tM the ratios of pro fde-drag coefficients
are close to unity for tip speeds from 350 to 420 feet per
second and calmdated tip angles of attack below 12°, since
neither stall nor compreasibiIity Iosses are present. The
a%uIes of attack at. whic.h stall losses start (about 12”) h

hovering show good agreement with the angles of attack
measured in forward-flight conditions reported in reference 1
for the same sets of blades. -M the Iow tip speeds, as the
tip angIe of attack is increased above 12°, the increasing
blade stall results in larger profile-drag losses. At a tip
angle of attack of 16”, the hovefi~ e.rperirnental profile
drag is over three and one htdf tire- that calculated without
considerate ion of blade st tihg Iosses; whereas, for the
forward-flight condition, where stalling occurs onIy on one
side of the rotar disk, a value of two times the calculated
profik-drag 10ss is noted from reference 1.

Compressibility losses.—The curves representing the
higher tip speeds in either figure 4 or 5 show the critical
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combination of tip spcccl and tip angle of attack nt. which
compressibility losses are first. encount.ercd and th~ rate of
increase of theso 10ss09 with increasing tip tingle of attack.
ln general, once the critical .cmnbinaticm of tip spew] nnd
tip antgle of attack is oxcccdml, the ratio of measured to
theoretical profile-drag torque coeflkient approximate ely
doubles for an increase in tip mg~e of attack of 2°. It is
int cresting to note that the rates of increase of lhc compressi-
bility losses in hovering arc approximately equal to the rato
of increase of the stall losses in hovering. Since t.hc calcu-
Mecl angles of attack at which stal~ occurs are the same in
both hovwing and forward flight, the onset of compressibility
losses can reasonably be assumed (in the absence of specific
information) to occur at the same combinations of tip
angles of attack and resultant tip speed..at which the com-
pressibility losses were noted in hovering.

The rate of growth of tho forward-flight compressibility y
losses will vary with flight conditioris. Examination of the
proh]em, however, suggests that the rate of growth may lia
between the rate of growth of stalling losses in forward ffight
and the rate of growth of compressibility losses in hovering.

.4 comparison of figures 4 and 5 shows that the twisted
blades appear to encounter compressibility losses at cal-
culated tip angles of attack from 0.5° to 1.5° Ims than the
unttwiated blades, although, after the losses are fully estab-
lished, the magnitudes of thu Iosscs for a given angle of
attack are almost identicaI for both sets of Mndes. If this

,L-.

cliffertinco were reIialJc, iL would indic~t c that the initiul
delay in the drag rise, which ran bc achie~rcd by Lwist, is
less than would be hoped for. The exact de~erminn(ion of
the point. of onset of compressibility Iosscs required nn
unusuaIIy high dcgrcc of accuracy, howcverj and this
apparent diffwcncc may bc due to an accumu]n tion of fticlors
including the stra.ight-Iinc mtrapcdntion of the curvw of
figures 1 ancI 5 to cIetwminc the point of onset of c.orn-
prcssibility 10SSCSand the possible diffcmmce Imtwccn the
practical-construction Madw used,

The effect of tip speed on CT/Uand C~=Cat tJme reprcscntn-

tive colh?ct.ive pitch seLtings of 8°, 12°, and 16° (mcnsurcd
at 0.7517) for both the t,wisted and untwisted rotor l-dudes is
shown in figure & The curves show thuL the lip speed lMJ
almosL no effcct on t.hc thrust-co efficient--solidity ratio
(-which is directiy proportional to mean rotor ML cocficient)
for either set of rotor blades, The Made aerodyrmmic
pitching-rnomcmt cocfflcim L shows only a small vmiation
for both sets of Madcs over the range of tip spmds am] pi[cll
settings presented. This result is in agrccmcnt. wit-h results
of section data (rcf crence 4) which indicate that the divcr-

genco of the pitching-moment curvo is delayed beyond the

dragdivergence poinL. For ccrt~in combinations of high
pitch setthgs and high tip speeds, there viem imlicnt ions

that still more extreme operating conditions might result
in Iarge negative pitching-moment coefficients.
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Comparison with two-dimensiomd data,—The probIem of
predict~m the magnitude of the compressibiIit.r Iosses for a
Micopter rotor bIade would be considerably simplified if
rtwonabIe agreement could be obtained by using two-
dimensional data. Accordingly, the performance of the
untwisted blades for a tip speed of 77o feet per second was
ctiicw]ated by use of conventional strip anaI@a and two-
dirnensional section drag data from reference 4. The

result is p~otted in figure 2 as a dashed curve. The rotor
data show good agreement vith the calculated dues,

Since the compressibility Iosses can be an appreciable part-
of the total power, it wiLI probably be undesirable for any
helicopter to operate far beyond the onset of compressibility
losses. The designer, therefore, should have the means of

predicting the tip Mach number and tip angIe of attack at
which the clrag rise occurs. The dragdivergence tip Mach
number and tip mgIe of attack for the two sets of bIades
tire compared in figure 7 with twodirnensional data from
reference 4.

1.4

0

Good agreement is sho~ between the rotor

e-x-perimenhd results and those resnhs predicted by means
of twodimensional data. Propeller clata have shown the
~g-dive~ence tip]Iac]lnumber to bt~ubout 0.06 above the

two-dimensional results (reference 5). A similar trend is
shown for the case of the Micopter rotor. The increment
appears to be somewhat less than 0.06; this fact is not
surprisi~m in view of the contour imperfections present. At
the higher angges of attack, however, the bIades ha~-c a
lower criticaI speed thtin the two-dimensional results. This
condition is probabIy caused by a combination of cor.n-
pressibility and bIade stalhg Iosaes since blade staIIing
starts on the Made sections at an angIe of attack of about
12°; whereas an accurately contoured two-dimensional
section does not begin to std untiI an angle of attack of
approximate elj- 160 is reached.

The aggement of the section data with the rotor-bIade
data for the airfoiI used protides a basis for estimating rotor
characteristics for cases in which other airfoils me used—
for exarnpIe, those empIojing thinner sections which may
be used in bigh~pced designs

.

0 Untwisted

- - Two -dtinensional msu[fs

2“ 4 e 8 {0 12 !4 f6 18 a
Anqle of attack, deg

FIGUEE 7.–Compsrtson of rotor experfmenfal ranIts WMIItwo-dimensfonftl &ag-dfr@nce MA number El&W * “fati for NACA Z3m akfoil Sectfoa.
(.Angle of attack measured from aagk of zero Uft rather Lhanfmm W &Iti Ihm.)
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Operating limitations.-It is significant that the onset of
compressibility 10SSM appreciably reduced the rotor ef-
firie.ncy before any evidence of opcmting limit.~tions due to
vibration or 10ss of control was noted. For Llw. low tip
speeds, the limiting vibration and 10EWof control occurred
when the tip augle of attack exceeded by approximately
4° tlw fmgle at which the onset of the prrfh-drag rise occurs
owing to stall. The limit~t.ions due to v-ibrat ion were
considered reached on the test tower when t.hc rtindom
(appmently aerodynamic) oscillations frpproaclmd an ampli-
tudo which shook the whole test tower. Limiting loss of
control was reached at the point when the rotor was well
into the stall region and the rotor-tip-path plane could not
be controlled appreciably bj” applying cyclic pitch. For
Ilighcr tip speeds no loss of control vm.s apparent, but a
limiting l-pm-rotor-revolution oscillation, which appmrml
to result from an out-of-track condition, oc.currcd.

CONCLUSIONS

The effect of compressibility ancl blade stalIing on the
hovering charrmtwiatics of full-scale helicopter rotors hm
been experimcnhdly det.errninwl for two sets of blades.
‘I%(’ two sets of Madcs had similnr phm forms, solidifies,
and airfoil sections and differed oIdy in thaL one rotor had
untwist ed blades, whereas t,he other rotor had blades ~~ith
-8° of linear twist. From the data obta.inwl, the following
conclusions may bo drown:

1. The primary eflcct of compressibility was a rapid in-
crease in the profile-drag torquc coeffic.icnt once the wit icaI
combination of tip angle of attack and tip speed was ex-
ceeded. The mean rotor Iif t coefficient and blade amw-
dynamic pitching-moment coefficient showed only a small
variation over the range of tip speeds.

2. NTcgative blade twist was effcctivo in dciaying the onset
of cornprmsibility 10SSCSand was effective in reducing these
10SSCSonce they were developed. For example, the twisted
set of blades required 15 percent less to t,al power than the

untwisted set for a tip speed of 770 ffict pm second nnd a
rotor-thrust coefficient of 0.004.

3. A comparison of rotor experimental results obtniwl

at a tip speed of 770 feet pw second with those rxdculatcd by
means of two-climcosiomd section data showed good agrcc-
mcnt.

4. The onset of comprmsibility 10SSCSapprm.iably reduced
t.ho rotor efflcienry before any evidence of opcrat.ing limita-
tions duc to vibration or loss of control was notcxl.

5. The st ailing losses for the. low-tip-spcod region began
at a tip angle of attack of about 12°. This result is approxi-
mateeli }i’llat woukl be exptwtod for the practical-consf, ruction
airfoil used nnd is in good cgrccment with results obtained
with the same rotor Mndes for forwa.rd-fllght conditions.

6. For tbe Iow tip speeds (350 to 420 fps), tho power
required=or a given thrust cocfhicnt was about 3 pr.rcc~t
less for thti blades having —8° of twist Lhuu for the untwist.d
Mades” r& htis been prcdictd by the theory of NACA TN
1542.

l_ANGZEY AERONAUTICAL L.iBORATORY,

lNATIOXAL ADVISORS COMMITTEE FOR AERONAUTICS,
LANGLEY FIELD, VA., iVocember 16, 19LKJ.
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